One of the holy grails of epilepsy research and treatment has been the identification of characteristic markers of pathological activity that may signal an oncoming seizure. Elucidation of such hallmarks could profoundly improve the ability to predict and prevent a seizure before it develops (1). It has been hypothesized that epileptogenic and hyperexcitable brain circuits exhibit changes in activity in the short time window immediately preceding seizures, thus setting the stage for the generation and propagation of seizure activity. Indeed, several studies have indicated altered activity of both hippocampal inhibitory interneurons and excitatory principal cells leading up to seizures in temporal lobe epilepsy (TLE) (2-4). Some of these changes, however, are also typical of neuronal activity displayed during certain brain states, and in particular, the transitions from one state to another.
as delta (δ), are associated with slow-wave sleep (SWS). Higherfrequency oscillations in the theta (θ) band, at 6-10 Hz, are characteristic of rapid eye movement (REM) sleep, during which dreaming occurs. (Note that theta activity in humans is designated at the slightly slower 4-7 Hz frequency.) Importantly, theta activity is also observed during exploratory movement in awake states. As theta frequency neuronal activity patterns have recently been observed in the hippocampus prior to seizures (2) , it would be important to determine if the specific behavioral state associated with the theta rhythm (i.e., asleep versus awake) shapes features of neural activity leading up to and during seizures.
In this study, young adult rats were subjected to status epilepticus induced by sequential low systemic doses of kainate, then observed for several months for the development of spontaneous behavioral seizures, and thus the presence of epilepsy. Six epileptic rats were implanted with multiple movable tetrodes, which permitted the recording of several sites in the hippocampus across CA1, CA3, and dentate gyrus. Both local field potential and single-unit activity were recorded while the rats were allowed to do as they please and during periods when the rats were induced to forage for food treats to drive the development of theta rhythm associated with movement. Thus the rats could be observed and recorded during non-theta (slow-wave sleep) and theta states (REM Neural dynamics preceding seizures are of interest because they may shed light on mechanisms of seizure generation and could be predictive. In healthy animals, hippocampal network activity is shaped by behavioral brain state and, in epilepsy, seizures selectively emerge during specific brain states. To determine the degree to which changes in network dynamics before seizure are pathological or reflect ongoing fluctuations in brain state, dorsal hippocampal neurons were recorded during spontaneous seizures in a rat model of temporal lobe epilepsy. Seizures emerged from all brain states, but with a greater likelihood after REM sleep, potentially due to an observed increase in baseline excitability during periods of REM compared with other brains states also characterized by sustained theta oscillations. When comparing the firing patterns of the same neurons across brain states associated with and without seizures, activity dynamics before seizures followed patterns typical of the ongoing brain state, or brain state transitions, and did not differ until the onset of the electrographic seizure. Next, we tested whether disparate activity patterns during distinct brain states would influence the effectiveness of optogenetic curtailment of hippocampal seizures in a mouse model of temporal lobe epilepsy. Optogenetic curtailment was significantly more effective for seizures preceded by non-theta states compared with seizures that emerged from theta states. Our results indicate that consideration of behavioral brain state preceding a seizure is important for the appropriate interpretation of network dynamics leading up to a seizure and for designing effective seizure intervention.
Seizure Activity and Intervention Efficacy Are Shaped by REMnants of Preceding Brain States
sleep and foraging), and, importantly, the theta states could be directly associated with the arousal state of the animal. This permitted the researchers to directly compare seizures and neural activity during the period immediately preceding the seizures across these different brain states in the same animals.
Interestingly, seizures in this model were disproportionately associated with REM sleep. Despite the fact that on average the rats spent 5% of time in REM sleep, 16 of 33 seizures examined (~48%) occurred in this brain state. The presence of seizures, however, did not interfere with the overall amount of time spent in REM sleep, indicating that the seizures were occurring at the end of the REM period or at times of transition back to SWS. This suggests that at times of transition between brain states, certain neurons and circuits may be especially vulnerable to seizures. Intriguingly, however, the patterns of neuronal firing-rate changes appeared to more closely reflect the underlying brain state rather than the presence of seizures. For example, inhibitory interneurons typically increased their firing rate at the end of SWS leading up to REM, maintained this high level through the REM period, and then decreased firing whether the transition was back to SWS or into a seizure. Thus, overall, the pattern of activity was similar for REM periods that were and were not associated with seizures. A similar lack of seizure-associated changes in firing rates was also observed for seizures during SWS, although a subpopulation of interneurons (21%) decreased firing immediately before seizure onset. Note that this is the opposite pattern observed in REM sleep. Furthermore, comparison of firing rates across the same cells during REM-associated versus foraging-associated theta activity indicated higher levels of excitatory principal cell firing and decreased activity in ~35% of interneurons in REM, suggesting a potential substrate for increased excitability during REM sleep. Thus, somewhat surprisingly, patterns of activity both immediately preceding and during seizures appeared not to reflect pathological shifts signaling an oncoming seizure but rather maintenance of the normal pattern of activity characteristic of the particular brain state from which the seizures arose.
If the pattern of activity leading up to seizures reflects the underlying brain state, and is thus heterogeneous across seizures superimposed on different brain states, this may influence the efficacy of specific therapeutic interventions. A recent study demonstrated that optogenetic activation of parvalbumin-positive interneurons could reduce seizure duration in the intrahippocampal kainate mouse model of TLE (5) . In the present work, this data set was reexamined to determine if the preceding brain state influenced the ability of this optogenetic stimulation to reduce seizure duration. Remarkably, seizures that arose from non-theta states (which were associated with decreased interneuron activity in the rat recordings) could be aborted by the activation of interneuronal activity, but seizures arising from theta states (associated with increased interneuron activity) were unaffected. This finding underlines the obligation to not assume that the same treatment will effectively stop all seizures arising from the same circuits.
As the authors of the present study acknowledge, these recordings were made in areas that were very likely not the sites of seizure onset, where more dramatic changes in cellular and circuit activity presumably could occur. Thus, it remains unclear whether the relationship of brain state and seizure activity observed here is true for specific seizure foci. In addition, these experiments focused on the dorsal hippocampus, but at least in the pilocarpine rat model of TLE, the ventral hippocampus appears to be activated earlier (6) . Furthermore, the association of REM and increased seizure propensity might be somewhat particular to rats, as the seizures were more frequent during non-theta states in the mouse model. REM does not appear to be linked with increased temporal lobe seizure activity in humans (7) , although the transition from sleep to wake may be a time of increased seizures in patients with idiopathic generalized epilepsies (8) . The potential relationship of interictal discharges to seizures (9) in delta versus theta states also warrants further investigation. Nevertheless, this study emphasizes the importance of identifying specific individual neurons that may exhibit telltale signs of altered activity leading up to seizures, and thus could theoretically be targets for intervention, and of taking into consideration the behavioral states from which individual seizures arise when choosing potential therapies.
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